bacillus rhamnosus GG culture supernatant ameliorates acute alcoholinduced intestinal permeability and liver injury.
multiple ways, including altering the normal gut flora and disrupting the gut barrier function, leading to increased portal circulating endotoxin levels and hepatic exposure, thus further promoting liver inflammation and the progression to alcoholic liver disease (ALD) (38) .
The intestinal epithelial barrier is a complex system composed of cellular, physical, and chemical components (44) . The epithelial cells form a lining with the paracellular space sealed by tight junctions (TJ) and adherens junctions. The epithelial cells are covered by a protective mucin layer that physically blocks most particles from direct contact with the epithelial cells (56) . The intestines are unique in that they function at a steep oxygen gradient (55) . Oxygen is an important regulator of intestinal epithelial cells, and changes in blood volume to the gut cause drastic changes in local oxygen partial pressure. The intestinal epithelium buffers such change by shifting to increased oxygen-independent glycolysis under stress conditions (55, 56) . The oxygen adaptation process is characterized by the expression of a master transcription factor, hypoxiainducible factor (HIF) (60) . HIF1 and HIF2 have been described, and many intestinal epithelial cell types express both forms (33) . In contrast to TJs and adherens junctions, which provide a physical barrier, HIF triggers gene transcription to maintain epithelial tissue integrity (56) . In states of inflammation-related hypoxia, HIF acts by inducing mucin production and stabilization via regulation of intestinal trefoil factor (ITF), xenobiotic clearance by P-glycoprotein (P-gp), and various other nucleotide signaling (7) .
Another significant portion of an intact gut barrier is provided by the gut flora, composed of billions of bacteria that have metabolic, trophic, and immune functions that are vital to the body (1) . The defensive role of the luminal bacteria includes providing a protective barrier surface on the gut lumen, releasing bacteriocins, competing with harmful bacteria for attachment sites, and limiting autoantibodies.
Because of the composite barrier effects of gut bacteria, epithelial TJs, and epithelial transcription factors, endotoxins derived from Gram-negative bacteria can only penetrate the gut epithelium in trace amounts under normal conditions (51) . Changes to intestinal permeability, however, allow for the upregulation of proinflammatory mediators and increased plasma endotoxin levels. Efforts to decrease endotoxin exposure by using antibiotics to "sterilize" the gut in clinical practice and animal models have been proven effective in preventing alcohol-induced liver injury (3) . Furthermore, it has been shown in human alcoholics that treatment with probiotics altered gut flora and improved liver function (26) .
Probiotics are defined as live microorganisms, which, when administered in adequate amounts, confer health benefits to the host (43) . Probiotics have clinical utility in many of gastrointestinal diseases including diarrhea and inflammatory bowel disease. Studies by various groups have demonstrated that the probiotic Lactobacillus rhamnosus Gorbach-Goldin (LGG) has beneficial effects on intestinal function, including stimulating development and mucosal immunity, ameliorating diarrhea, prolonging remission in ulcerative colitis and pouchitis, and maintaining and improving intestinal barrier function (6, 13, 37, 54, 59) . However, adverse events noted with probiotic use include bacteremia (28) , fungemia (45) , and worsened outcomes in severe pancreatitis, with an increased incidence of bowel ischemia and mortality (5) . In addition, probiotics may not be effective in intestinal disorders with altered epithelium, as the bacteria must colonize in the intestine to be effective. As an alternative, heat-killed bacteria and probiotic-produced nonviable soluble proteins have been demonstrated to be effective in recent studies (58) .
LGG culture supernatant (LGG-s) was shown to protect intestinal epithelial cells from apoptosis and promote proliferation (64) , whereas our group recently showed that LGG-s attenuated alcohol-induced decrease in epithelial cell resistance and the increase in permeability in Caco-2 cell monolayers (61) .
In the present study, we tested the effectiveness of LGG-s pretreatment on binge alcohol-induced liver injury. We investigated the effects of LGG-s on intestinal-mucus-layer-protective factors, TJs and gut permeability, regulation of intestinal HIF signaling, and consequent liver injury in a binge alcohol mouse model of ALD.
MATERIAL AND METHODS

Culture of LGG.
LGG was purchased from American Type Culture Collection (ATCC 53103; Rockville, MD) and was cultured in Lactobacillus De Man, Rogosa, and Sharpe broth (MRS broth; Difco; BD, Sparks, MD) at 37°C in accordance with ATCC guidelines.
LGG was cultured to reach the bacterial density of 10 9 colony-forming units/ml. The culture suspension was then centrifuged at 5,000 g for 10 min. The supernatant was removed and filtered through 0.22-m filters. This procedure yielded the LGG-s from the culture at a concentration of 10 9 colony-forming units/ml bacterial cells. Animal studies. Male C57BL/6N mice (9 wk of age) were obtained from Harlan (Indianapolis, IN). They were maintained at 22°C with a 12-h:12-h light/dark cycle and had free access to normal chow diet and tap water. The LGG-s was mixed with drinking water at a ratio ensuring one mouse consumed 1 ml supernatant a day. This treatment results in a dose of LGG-s equivalent to 10 9 LGG bacteria, as described in our previous study (61) . Mice were maintained on the treatments for a total of 5 days during the experiment (25) . They were given one dose of ethanol at 6 g/kg body wt by gavage after overnight fasting but with access to drinking water containing LGG-s. At the end of the experiment, the mice were anesthetized with Avertin. Plasma and tissue samples were collected for assays. All mice were treated according to the protocols reviewed and approved by the Institutional Animal Care and Use Committee of the University of Louisville.
Liver histology. Formalin-fixed paraffin tissue sections were processed for staining with hematoxylin and eosin and then studied by light microscopy.
Liver oil red O staining. Frozen tissue sections were processed for staining with Oil red O and then studied by light microscopy.
Ileum permeability. Ileum was freshly isolated and placed in modified Krebs-Henseleit bicarbonate buffer containing 8.4 mM HEPES, 119 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM KH 2PO4, 25 mM NaHCO3, 2.5 mM CaCl2, and 11 mM glucose (KHBB, pH 7.4). One end of the gut segment was first ligated with suture, and 100 l FITC-dextran (molecular weight 4,000, FD-4, 40 mg/ml) was injected into the lumen using a gavage needle to avoid mucosal injury. Then the other end of the gut segment was ligated to form an 8-cm gut sac. After being rinsed in the KHBB buffer, the gut sac was placed in 2 ml of KHBB and incubated at 37°C for 20 min. The FD-4 that penetrated from the lumen into the incubation buffer was measured spectrofluorometrically with an excitation wavelength of 485 nm and an emission wavelength of 530 nm in a microplate fluorescence reader (FLX-800 fluorescence microplate reader; Bio TEK Instruments, Winooski, VT). The FD-4 permeability was expressed as micrograms per centimeter per minute.
Biochemical assays. Blood samples from control and alcoholtreated mice were drawn from the dorsal vena cava. Plasma was obtained by centrifuging the blood at 2,000 g for 30 min at 4°C. LPS levels were measured with Limulus Amebocyte Lysate test kit (Lonza, Walkersville, MD) according to the manufacturer's instructions. Plasma alanine aminotransferase (ALT) and lactate dehydrogenase (LDH) were measured using an ALT and LDH Enzymatic Assay Kit (Thermo Scientific, Waltham, MA), respectively.
Liver triglyceride assay. For liver triglyceride assay, ϳ70 -100 mg of liver tissue was homogenized in 1 ml of 50 mM NaCl. Homogenate (500 l) was finally mixed with 4 ml of the extraction reagent (methanol: chloroform ϭ 1:2) and incubated overnight at 4°C before being centrifuged at 1,800 g for 20 min at room temperature. The lower chloroform phase was collected. Chloroform (500 l) phase was dried using a speed vacuum, and the pellets were used for triglyceride assay using the Triglyceride Kit (Thermo Scientific).
Liver TNF-␣ assay. Liver tissue was homogenized (50 mg/ml) in RIPA buffer. TNF-␣ was measured using the Infinity Assay Kit (BD) according to the manufacturer's instructions.
Liver MPO assay. Liver tissue was homogenized (50 mg/ml) in 0.5% hexadecyltrimethylammonium bromide in 10 mM 3-(N-morpholino) propanesulfonic acid and centrifuged at 15,000 g for 40 min. The suspension was then sonicated three times for 30 s each with an interval of 1 min. An aliquot of supernatant was mixed with a solution of 1.6 mM tetramethylbenzidine and 1 mM hydrogen peroxide. Activity was measured spectrophotometrically as the change in A650 at 37°C with a Spectramax microplate reader (Biotek; Molecular Devices, Sunnyvale, CA). Results are expressed as milliunits of myeloperoxidase (MPO) activity per milligram of protein, as determined by the Bradford assay.
ROS determination by fluorescence microscopy. Reactive oxygen species (ROS) accumulation in the liver and ileum was examined by dihydroethidium fluorescence microscopy (62) . Nonfluorescent dihydroethidium is oxidized by ROS to yield the red fluorescent product, ethidium that binds to nucleic acids and stains the nucleus with bright fluorescent red. Cryostat sections of liver or ileum were incubated with 5 M dihydroethidium (Molecular Probes, Eugene, OR) for 30 min at 37°C in the dark. The ROS-catalyzed ethidium red fluorescence was examined under fluorescence microscopy. The relative fluorescence intensity was quantified by using Sigma Scan Pro 5 software.
Real time RT-PCR assay. The mRNA levels were assessed by real-time RT-PCR. In brief, the total RNA was isolated with Trizol according to manufacturer's protocol (Invitrogen, Carlsbad, CA) and reverse-transcribed using GenAmp RNA PCR kit (Applied Biosystems, Foster City, CA). The sequences of forward and reverse primers are listed in Table 1 . Quantitative real-time PCR was performed on an ABI 7500 real-time PCR thermocycler, whereas SYBR green PCR Master Mix (Applied Biosystems) was used for real-time RT-PCR analysis. The relative quantities of target transcripts were calculated from duplicate samples after normalization of the data against the housekeeping gene, ␤-actin. Dissociation curve analysis was performed after PCR amplification to confirm the specificity of the primers. Relative mRNA expression was calculated using the ⌬⌬Ct method.
Statistics. All data are expressed as means Ϯ SE. The data were analyzed by ANOVA and Newman-Keuls multiple-comparison test. Differences between groups were considered significant at P Ͻ 0.05.
RESULTS
Effects of LGG-s pretreatment on acute alcohol-induced hepatic steatosis and plasma enzyme levels.
Hepatic steatosis was evaluated with histological analysis and triglyceride measurement. Mice exposed to binge alcohol treatment had significantly increased hepatic lipid accumulation compared with control mice, as evaluated by hematoxylin and eosin ( Fig. 1A ) and Oil Red O (Fig. 1B) staining, which has been used in our previous studies (66) . However, LGG-s pretreatment significantly prevented fatty liver ( Fig. 1, A and B) . Confirming the histological observations, the hepatic triglyceride content was significantly higher in alcohol-exposed group compared with control group. Pretreatment with LGG-s markedly decreased the acute alcohol-induced hepatic triglyceride accumulation (Fig. 1C) . To assess liver injury, plasma ALT and LDH levels were measured. Mouse plasma was collected 1.5 and 6 h after ZO, zonula occludens; MDR1, multidrug resistance 1; P-Gp, P-glycoprotein; ITF, intestinal trefoil factor; CRAMP, cathelin-related antimicrobial peptide; HIF, hypoxia-inducible factor.
Fig. 1. Effects of Lactobacillus rhamnosus
GG culture supernatant (LGG-s) pretreatment on acute alcohol-induced liver steatosis. Male C57/6N mice were fed LGG-s for 5 days. All mice were starved for 16 h, and 1 dose of ethanol was given by gastric gavage at 6 g/kg 1.5 h or 6 h before the mice were killed. Formalin-fixed paraffin tissue sections were processed for staining with hematoxylin and eosin (A). Frozen tissue sections of the mice exposed to alcohol for 6 h were processed for staining with Oil red O (B). Hepatic tissue triglyceride (TG) levels (6 h alcohol exposure) were determined (C). Results are means Ϯ SE; *significant. binge alcohol administration. Plasma ALT and LDH levels were significantly elevated by alcohol treatment.
LGG-s pretreatment significantly prevented the elevation in plasma ALT levels ( Fig. 2A) at both alcohol postadministration time points.
LGG-s pretreatment also significantly reduced binge alcoholinduced plasma LDH levels at 6 h after alcohol treatment time, but not at 1.5 h (Fig. 2B) . Taken together, LGG-s pretreatment attenuated binge alcohol-induced hepatic steatosis and liver injury.
Effects of LGG-s pretreatment on ROS formation. Next, we investigated whether LGG-s pretreatment could protect hepatic and ileal cells from oxidative stress. Frozen sections of liver and ileum tissues were stained with fluorescent ethidium. Binge alcohol treatment generated higher superoxide in both liver and ileum than in untreated subjects. However, the livers and ilea of the mice pretreated with LGG-s before alcohol administration displayed a reduced dihydroethidium staining (Fig. 3) , indicating that LGG-s pretreated animals were more resistant compared with controls.
Effects of LGG-s pretreatment on alcohol-induced endotoxemia, intestinal permeability, and TJ gene expression.
To evaluate the effects of acute alcohol administration and LGG-s pretreatment on plasma endotoxemia, plasma LPS levels were measured at 1.5 and 6 h after binge alcohol exposure.
Binge alcohol exposure significantly increased plasma LPS level at 1.5 h after binge time, which was further increased at 6 h after binge time (Fig. 4). LGG-s pretreatment significantly attenuated the rise in LPS level at the 1.5 h after binge time. At the 6 h after binge time, LPS level was also lower in LGG-s group compared with alcohol group. However, the difference was not statistically significant (Fig. 4) .
The elevated plasma LPS levels resulted from defects in intestinal barrier integrity. Therefore, we evaluated the effects of binge alcohol and LGG-s pretreatment on the intestinal permeability by an ex vivo procedure using FD-4 as a fluorescent marker. Our previous study measuring permeability showed that the ileum was the part mostly affected by chronic alcohol exposure (25) ; thus only the ileum permeability to Fig. 2 . Effects of LGG-s pretreatment on acute alcohol-induced liver injury. Plasma was collected at 1.5 h and 6 h after binge ethanol administration by centrifuging the blood at 3,000 revolution/min for 30 min at 4°C. Alanine aminotransferase (ALT) (A) and lactate dehydrogenase (LDH) (B) levels were measured using an ALT and LDH Enzymatic Assay Kits. Results are means Ϯ SE; *significant. FD-4 was measured in the current binge alcohol study. Significantly increased permeability was observed in mice treated with binge alcohol at 6 h after binge time, and this increase was prevented by LGG-s pretreatment (Fig. 5) .
Intestinal barrier function is provided by TJ integrity. Therefore, we determined the mRNA levels of three key TJ proteins in response to alcohol (6 h exposure) and LGG-s treatment. Binge alcohol exposure significantly downregulated zonula occludens-1, occludin, and claudin-1 mRNA levels by 72%, 71%, 43.5%, respectively, and this was prevented by LGG-s pretreatment. Similarly, expressions of several TJ protein adaptors, such as fordrin, cingulin and symplekin, were significantly downregulated by binge alcohol, although the changes did not reach statistical significance for cingulin and symplekin.
LGG-s pretreatment prevented these decreases as well (Fig. 6) .
Effects of LGG-s pretreatment mRNA levels of ileum barrier-protecting proteins. Intestinal barrier integrity is also provided by the mucus layer. ITF is a small peptide secreted by goblet cells in the intestine and plays a critical role in the formation and stabilization of mucus layer (27) . Analysis of ITF mRNA levels in the ileum revealed a decrease by binge alcohol treatment, which was normalized by LGG-s pretreatment (Fig. 7) . Another intestinal epithelium protein, P-gp, was similarly regulated by binge alcohol exposure and LGG-s pretreatment (Fig. 7) . P-gp, encoded by the multidrug resistance 1 (MDR1) or ABCB1 gene, is a 170-kDa transmembrane protein that is abundantly expressed on the apical surface of intestinal epithelial cells (9) . Increasing evidence suggests that P-gp plays a critical role in protection of the intestinal epithelia by mediating the efflux of drugs/xenobiotics and bacterial toxins from the intestinal mucosa into the gut lumen (20) .
Cathelin-related antimicrobial peptide (CRAMP) is a member of antimicrobial peptides and protein-effector molecules that function to protect epithelial surfaces by killing invading microbes and working in synergy as a barrier against bacterial/ endotoxin invasion (53) . Similar to ITF and P-gp, mRNA levels of CRAMP were significantly reduced by alcohol exposure and normalized by LGG-s pretreatment (Fig. 7) .
Effects of LGG-s pretreatment on intestine HIF-1␣/2␣ levels. ITF, P-gp, and CRAMP are transcription targets of HIF, which plays a critical role in adaptation to intestinal hypoxic stress. Therefore, we evaluated the mRNA and protein levels of HIF-1␣ and HIF-2␣ in the ilea of mice in response to binge alcohol and LGG-s treatment. Binge alcohol exposure did not alter the HIF-1␣ and HIF-2␣ mRNA levels, but LGG-s pretreatment significantly increased their expression (Fig. 8, A and  B) . Immunoblotting revealed that binge alcohol treatment significantly decreased HIF-2␣ protein levels, and this decrease was prevented by LGG-s pretreatment (Fig. 8, C and D) .
Effects of LGG-s pretreatment on alcohol-induced inflammation. Next, we determined the effects of binge alcohol and LGG-s pretreatment on markers of hepatic inflammation and oxidative stress. Expression of TNF-␣, a marker of acute phase reaction and macrophage infiltration, was significantly upregulated in response to binge alcohol exposure.
LGG-s pretreatment prevented this increase (Fig. 9A) . Similarly, the activity of MPO, a well-known marker for inflammation, was significantly increased by binge alcohol exposure and decreased by LGG-s pretreatment (Fig. 9B) , suggesting a role of LGG-s in anti-inflammatory activity in response to binge alcohol exposure.
DISCUSSION
The present study investigated the effects of LGG-s on binge alcohol-induced intestinal epithelial cell permeability, endotoxemia, and liver injury. We demonstrated that the pretreatment with LGG-s, also known as bacterial conditioned media, prevents binge alcohol-induced liver injury through maintaining intestinal barrier function.
Increasing evidence demonstrates the protective effect of probiotics on multiple pathological disorders, such as obesity (11) , nonalcoholic liver disease (21), cardiovascular disease (46) , and ALD (17, 26, 40) . Probiotics exert their beneficial activities on the host through multiple mechanisms, including prevention of pathogenic bacterial growth, blocking the pathogen from contacting mucosal surfaces, stimulating the trophic effects on the intestinal epithelial cells, sustaining intestinal barrier integrity, maintaining mucosal immune homeostasis, and participating in the xenobiotic metabolism system (41, 57) . However, these treatments are not always effective because, to Fig. 5 . Effects of LGG-s pretreatment on ileum permeability. Ileum permeability was determined by measuring FD-4 leakiness from ileum sac ex vivo. The ileum was freshly isolated and placed in modified Krebs-Henseleit bicarbonate buffer (KHBB, pH 7.4). One end of the gut segment was first ligated with suture, and 100 l FITC-dextran (molecular weight 4,000, FD-4, 40 mg/ml) was injected into the lumen using a gavage needle to avoid mucosal injury. Then the other end of the ileum segment was ligated to form an 8-cm gut sac. After being rinsed in the KHBB buffer, the gut sac was placed in 2 ml of KHBB and incubated at 37°C for 20 min. The FD-4 that penetrated from the lumen into the incubation buffer was measured spectrofluorometrically with an excitation wavelength of 485 nm and an emission wavelength of 530 nm. The FD-4 permeability was expressed as micrograms per centimeter per minute. The results were normalized to control. Results are means Ϯ SE; *significant. confer their beneficial activity, live bacteria need to be colonized to maintain their activity under various lumen conditions. Disease conditions including alcohol exposure vary from patient to patient due to the augmentation of pathogenic bacteria.
In addition, drugs used by patients may be harmful to probiotics. This causes an unstable effect of probiotic treatment with live bacteria. Moreover, the clinically recommended dose of probiotics usually consists of billions of live bacteria. Gener- Fig. 6 . Effects of LGG-s pretreatment on mRNA levels of ileum tight junction proteins and adaptors. The total ileum RNA was isolated with Trizol according to manufacturer's protocol (Invitrogen, Carlsbad, CA) and reverse-transcribed using GenAmp RNA PCR kit (Applied Biosystems, Foster City, CA). Quantitative real-time PCR was performed on an ABI 7500 real-time PCR thermocycler, whereas SYBR green PCR Master Mix (Applied Biosystems) was used for real-time RT-PCR analysis. The relative quantities of target transcripts were calculated from duplicate samples after normalization of the data against the housekeeping gene, ␤-actin. Dissociation curve analysis was performed after PCR amplification to confirm the specificity of the primers. Relative mRNA expression was calculated using the Ct method. Results are means Ϯ SE; *significant. ZO, zonula occludens. Fig. 7 . Effects of LGG-s pretreatment on mRNA levels of ileum mucus protecting factors. Results are means Ϯ SE; *significant. ITF, intestine trefoil factor; P-gp, P-glycoprotein; CRAMP, cathelin-related antimicrobial peptide.
ally, probiotics are considered safe, but several reports have raised safety concerns about ingesting such large amounts of bacteria, especially when the intestinal function and the patient's immune response are compromised (5, 10, 15) .
Several studies have suggested that the secreted factors from probiotic bacterial growth are likely to be major contributors to the beneficial effects of probiotics, and some active ingredients in probiotic culture supernatant have been identified, including conjugated linoleic acids (14), short-chain fatty acids (35) , polyamines (34), peptides (18) , proteins (64), polyphosphate (48) . These active ingredients have been demonstrated to be effective in the treatment of several intestinal disorders and liver disease through stimulating Gram-positive bacterial growth, changing the intestinal pH, promoting immune function, and inhibiting intestinal barrier dysfunction. However, the effect of the probiotics culture supernatant on ALD has never been examined. Our current study provides the first evidence showing the beneficial effects of LGG-s in binge alcoholinduced liver injury, which is demonstrated by reduced ileum permeability and decreased plasma endotoxin (LPS), ALT and LDH levels, and histological alterations.
LPS, a Gram-negative bacteria-derived endotoxin, is a major factor in alcoholic liver disease. Alcohol exposure stimulates LPS production and primes its binding to Toll-like receptor 4 on the surface of hepatic Kupffer cells, leading to the activation of NF-B-mediated TNF-␣ signaling, resulting in hepatic steatosis and inflammation. Although intestinal barrier dysfunction-mediated endotoxemia is widely considered a major cause of liver injury due to alcohol exposure, the exact mechanisms by which alcohol and probiotics contribute to the altered intestinal permeability and endotoxemia are not fully understood. Previous studies showed that alcohol and its metabolite, acetaldehyde, induce increased intestinal permeability by disrupting intestinal epithelial cell TJs (42, 49, 61, 65) . Decreased expression of several TJ proteins was found in the intestine in an experimental mouse model of ALD (25) and in human colon biopsies of alcoholics (52) . Oxidative stress generated by alcohol exposure is believed to be a major contributor to the disruption of intestinal barrier via decreasing TJ. Our current study further demonstrates that binge alcohol exposure decreases intestinal TJ expression (zonula occludens-1, claudin, and occludin), and LGG-s pretreatment clearly normalizes Fig. 9 . Effects of LGG-s pretreatment on hepatic TNF-␣ expression and myeloperoxidase (MPO) activity. TNF-␣ (A) was measured using the Infinity Assay kit (BD, Sparks, MD) according to the manufacturer's instructions. For MPO activity (B) assay, the liver tissue was homogenized (50 mg/ml) in 0.5% hexadecyltrimethylammonium bromide in 10 mM 3-(N-morpholino) propanesulfonic acid and centrifuged at 15,000 g for 40 min. The suspension was then sonicated 3 times for 30 s each. An aliquot of supernatant was mixed with a solution of 1.6 mM tetramethylbenzidine and 1 mM hydrogen peroxide. Activity was measured spectrophotometrically as the change in A650 at 37°C. Results are expressed as milliunits of MPO activity per milligram of protein, as determined by the Bradford assay. Results are means Ϯ SE; *significant. these changes. We also observed that the mRNA levels of some TJ protein adaptors, including fordrin, cingulin, and symplekin, were decreased by binge alcohol exposure and restored by LGG-s pretreatment.
The protective effects of LGG-s against the increase in acute alcohol exposure-induced intestinal permeability and endotoxin levels are time dependent. The increased circulating endotoxin results from alcohol-induced endotoxin-production by Gram-negative bacterial overgrowth and intestinal barrier dysfunction and from other systematic factors such as organ LPS utilization and excretion.
LGG-s pretreatment did not protect the short-term alcohol exposure (1.5 h)-induced increase in intestinal permeability but decreased plasma endotoxin level. When alcohol exposure time extends (6 h), the changes in permeability and endotoxin are more pronounced, and LGG-s pretreatment protects alcohol-induced permeability increase but not significantly decreases plasma endotoxin. This dissociation is likely due to endotoxin systematic regulation and needs further investigation.
Intestinal barrier function is also provided by the mucus layer. Goblet cells in both the small and the large intestine express mucins, the major mucus components, and several mucin stabilizers and modifiers (24) . ITF, a member of trefoil factor family, is expressed abundantly in ileum and colon and plays a critical role in intestinal barrier function under multiple pathogenic conditions (27) . Lack of ITF resulted in an exaggerated intestinal disorder (32) , whereas recombinant ITF administration attenuated dextran sulfate sodium (DSS)-induced intestinal barrier dysfunction (31) . Our previous studies demonstrated that chronic alcohol exposure decreases ileum ITF mRNA and protein expressions, which are normalized by LGG culture suspension (including LGG bacterial cells and culture supernatant, Ref. 61) . In this study, we observed a decrease in mRNA levels of ITF by binge alcohol exposure, and this reduction was prevented by LGG-s pretreatment. The increased ITF expression in intestine by LGG or its culture supernatant in both chronic and acute alcohol-exposed mice suggests a mucus layer repair mechanism at the site of injury.
The beneficial effects of probiotics on intestinal barrier protection seem largely to be mediated by an overall mucosal protection, ranging from xenobiotic clearance to nucleotide metabolism. P-gp, encoded by MDR1 or ABCB1 gene, is a 170-kDa transmembrane protein that is abundantly expressed on the apical surface of intestinal epithelial cells (9) . Increasing evidence suggests that P-gp plays a critical role in protection of the intestinal epithelia by mediating the efflux of drugs/xenobiotics and bacterial toxins from the intestinal mucosa into the gut lumen (20) . Dysregulated P-gp has been associated with the pathogenesis of several intestinal disorders, including IBD (16), ulcerative colitis and Crohn's disease, and experimental animal models of colitis (8, 63) . Upregulation of P-gp by two probiotics strains, Lactobacillus acidophilus and rhamnosus, has been demonstrated in the DSS-induced colitis mouse model and in Caco-2 cells (47) . In addition, CRAMP, an antimicrobial peptide secreted by Paneth cells in the intestinal epithelium, provides protection from intestinal infection and maintains enteric homeostasis. The dysregulation of P-gp and CRAMP by alcohol exposure in intestine has not yet been tested. Our results demonstrate that binge alcohol exposure significantly reduced mRNA levels of both P-gp and CRAMP. Importantly, the decreases were normalized by LGG-s pretreatment. Therefore, this protective effect of LGG-s against binge alcohol-induced intestinal barrier dysfunction is likely achieved through a combinatorial regulation of intestinal mucin function, xenobiotic/toxin clearance, and immune response.
One possible mechanism of LGG-s protection against binge alcohol exposure-induced intestinal dysfunction is the potentiation of HIF signaling. Our previous study showed that intestinal HIF-2␣ was downregulated in protein levels by chronic alcohol exposure and normalized by LGG treatment (61) . The mRNA levels of HIF-1␣ and HIF-2␣ were not changed by binge alcohol exposure, but they were markedly increased by LGG-s treatment. The intestine functions at a uniquely steep physiological oxygen gradient (7, 55) . Under pathological conditions, increased tissue metabolism causes inflammation and worsens epithelial hypoxia. As a compensatory mechanism, the transcription factor HIF is activated. Studies have shown that animals that have genetic deletions of HIF show worsened colitis compared with wild-type animals (23) . Interestingly, some kinds of mucins (4, 29) , ITF (19), P-gp (9), and CRAMP (39) are transcriptional targets of HIF. HIF is a transcription factor comprised of HIF-␣ and HIF-␤ subunits, and its activity is mainly regulated in posttranslational level. Normoxic conditions decrease the activity of HIF prolyl hydroxylases, which hydrolyze two proline residues of HIF-␣, leading to the ubiquitin-mediated degradation. Under hypoxic conditions, or by hypoxia mimics, HIF prolyl hydroxylases remain in their inactivated steady states, and HIF-␣ survives and translocates into the nucleus and starts target gene transcription. Alcohol did not cause changes in HIF-1␣ and HIF-2␣ mRNA levels in the current study, indicating that binge alcohol exposure-caused HIF-␣ dysfunction is likely regulated at protein levels. Indeed, binge alcohol administration decreased HIF-2␣ protein level. Importantly, LGG-s pretreatment increasing HIF-1␣ and HIF-2␣ mRNA levels and HIF-2␣ protein level implies a role of LGG-s in the regulation of HIF function at gene expression level. Although experimental evidence has shown the functional difference between HIF-1␣ and HIF-2␣ in other organs and cell types, including cardiomyocytes (22) and hepatocytes (36) , the exact role of both subunits of HIF in intestinal homeostasis in response to alcohol and probiotics requires further investigation.
Studies have shown conflicting results on the beneficial properties of killed bacteria and bacterial supernatant, which, in part, may be because protective effects are strain specific. For example, supernatant of L. casei culture failed to provide improved barrier function against cytokine-induced inflammation (12) . In contrast, a study by Ueno et al. (58) in murine models of colitis demonstrated that heat-killed Lactobacillus brevis SBC8803 was effective in reducing colon inflammation and the mRNA expression of proinflammatory cytokines. Additionally, Polk et al. (50, 64) showed that specific proteins produced by LGG regulate intestinal epithelial cell survival and growth. Specifically, purified proteins p75 and p40 protect intestinal cells from death and promoted proliferation (64) . Several active components in probiotic culture supernatant have also been identified. Polyphosphate in Lactobacillus brevis SBC8803 culture supernatant induces cytoprotective heat shock proteins and plays an important role in the molecule responsiveness for maintaining intestinal barrier actions, which are mediated through the intestinal integrin ␤1-p38 MAPK in an experimental colitis model (48) . The data presented here and the results from previous studies demonstrate the protective effect of LGG-s in alcohol-induced barrier dysfunction in vivo and in vitro. To our knowledge, this is the first study testing the effects of probiotic supernatant in ALD. Identification of the full spectrum of active ingredients in LGG culture supernatant in response to alcohol exposure warrants further investigative attention.
One limitation to our study is that we did not include a group using probiotic cultural media as a control. However, we recently used MRS (the cultural media) as a placebo in chronic alcohol mouse model. The preliminary results showed that there are no differences in intestinal permeability and plasma endotoxin levels between alcohol-treated and MRS-alcoholtreated mice (unpublished data), indicating that the constituents of MRS have no effect on chronic alcohol-induced intestinal barrier dysfunction.
In summary, our data demonstrate that probiotics LGG-s pretreatment has a protective role against the deleterious effects of binge alcohol exposure on HIF adaptation signaling, mucus protective gene regulation associated with the expression of TJ proteins and adaptors, blood LPS, and eventually alcoholic liver injury. Further characterization of the LGG-s active components will enhance our understanding of the protective effect of probiotics in ALD and advance the development of new therapeutic strategy for ALD.
